1. The properties of fructose diphosphatase from skeletal muscle of the Alaskan king-crab (Paralithode8 camt8chatica) were examined over the physiological temperature range of the animal. 2. King-crab muscle fructose diphosphatase is first activated by Na+ and NH4+ and is then partially inhibited by these cations at concentrations higher than 10mM at 00, 80 and 15°C. Enzyme activity is stimulated by K+ at 0°C, but is curtailed at 8°C and 15°C, an effect that could render rate independent oftemperature. 3. Affinity for substrate increases with decreasing temperature; below the temperature of acclimatization, Km for fructose 1,6-diphosphate increases, resulting in a complex U-shaped temperature-Km curve. 4. King-crab muscle fructose diphosphatase is inhibited by low concentrations of AMP. As with enzymes of other poikilotherms, inhibition by AMP is sensitive to temperature; the enzyme is least sensitive to inhibition by AMP near the temperature of acclimatization. 5. The affinity of fructose diphosphatase for fructose 1,6-diphosphate is enhanced by phosphoenolpyruvate, and this activation is temperature-sensitive; 0.5mnsm-phosphoenolpyruvate causes a sevenfold decrease in K. for fructose 1,6-diphosphate at 15°C but a 25-fold decrease at 0°C. 6. Phosphoenolpyruvate appears to decrease the affinity of king-crab muscle fructose diphosphatase for AMP at low temperature, whereas at the higher temperature it appears to enhance inhibition by AMP. Phosphoenolpyruvate was not observed to cause a reversal of inhibition of fructose diphosphatase activity by AMP. The identification of phosphoenolpyruvate as an activator of a rate-limiting step in gluconeogenesis permits the suggestion of a coupling of the controlling mechanisms of several steps in the glycolytic and gluconeogenic chains. 7. These findings suggest mechanisms for the maintenance and regulation of control of fructose diphosphatase activity in king-crab skeletal muscle at low temperature and under conditions that favour concomitant activity of In poikilothermic systems evolution in thermally unstable environments appears to have involved a selection for greater enzyme-substrate affinity at low temperatures, to counteract the effect of a decrease in thermal energy available (for discussion see Somero, 1969b; Hochachka & Somero, 1968; Behrisch, 1969). The result of this increase in affinity of enzyme for substrate is a stabilization of catalytic rate over a wide range of temperatures at physiological concentrations of substrate. Work on fructose diphosphatases (D-fructose 1,6-diphosphate
1. The properties of fructose diphosphatase from skeletal muscle of the Alaskan king-crab (Paralithode8 camt8chatica) were examined over the physiological temperature range of the animal. 2. King-crab muscle fructose diphosphatase is first activated by Na+ and NH4+ and is then partially inhibited by these cations at concentrations higher than 10mM at 00, 80 and 15°C. Enzyme activity is stimulated by K+ at 0°C, but is curtailed at 8°C and 15°C, an effect that could render rate independent oftemperature. 3. Affinity for substrate increases with decreasing temperature; below the temperature of acclimatization, Km for fructose 1,6-diphosphate increases, resulting in a complex U-shaped temperature-Km curve. 4. King-crab muscle fructose diphosphatase is inhibited by low concentrations of AMP. As with enzymes of other poikilotherms, inhibition by AMP is sensitive to temperature; the enzyme is least sensitive to inhibition by AMP near the temperature of acclimatization. 5. The affinity of fructose diphosphatase for fructose 1,6-diphosphate is enhanced by phosphoenolpyruvate, and this activation is temperature-sensitive; 0.5mnsm-phosphoenolpyruvate causes a sevenfold decrease in K. for fructose 1,6-diphosphate at 15°C but a 25-fold decrease at 0°C. 6. Phosphoenolpyruvate appears to decrease the affinity of king-crab muscle fructose diphosphatase for AMP at low temperature, whereas at the higher temperature it appears to enhance inhibition by AMP. Phosphoenolpyruvate was not observed to cause a reversal of inhibition of fructose diphosphatase activity by AMP. The identification of phosphoenolpyruvate as an activator of a rate-limiting step in gluconeogenesis permits the suggestion of a coupling of the controlling mechanisms of several steps in the glycolytic and gluconeogenic chains. 7. These findings suggest mechanisms for the maintenance and regulation of control of fructose diphosphatase activity in king-crab skeletal muscle at low temperature and under conditions that favour concomitant activity of In poikilothermic systems evolution in thermally unstable environments appears to have involved a selection for greater enzyme-substrate affinity at low temperatures, to counteract the effect of a decrease in thermal energy available (for discussion see Somero, 1969b; Hochachka & Somero, 1968; Behrisch, 1969) . The result of this increase in affinity of enzyme for substrate is a stabilization of catalytic rate over a wide range of temperatures at physiological concentrations of substrate. Work on fructose diphosphatases (D-fructose 1,6-diphosphate I-phosphohydrolases, EC 3.1.3.1 1) from coldblooded organisms indicates that such an increase in enzyme-substrate interaction at low temperature is accompanied by an enhanced affinity of the enzyme for its allosteric inhibitor, AMP (Hochachka, 1967; Behrisch &Hochachka, 1969a,b) , a result also seen with the mammalian enzyme (Taketa & Pogell, 1965) . Thus a decrease in temperature from 46°C to 2°C causes a 100-fold increase in affinity of the rat liver enzyme for AMP. Given such conditions, control of fructose diphosphatase activity in a poikilotherm would be expected to be unusually sensitive to changes in environmental temperature, and glucose production would be essentially 'turned off' at low temperatures. This creates a requirement for mechanisms that would lower the sensitivity of the fructose diphosphatase-AMP interaction to temperature changes, and a number of mechanisms that would allow the organism to keep constant the efficiency of control of the enzyme activity over a wide range of temperatures have been proposed (see Behrisch, 1969) . Control of fructose diphosphatase activity in a poikilotherm that may experience wide ranges in environmental temperatures is further complicated by numerous observations that concentrations of various cations (including the cationic cofactor of the enzyme) vary with temperature of acclimatization (Hickman, NcNabb, Nelson, Van Breemen & Comfort, 1964; Toews & Hickmani, 1969; Heinicke & Houston, 1965; Houston, 1959; Houston & Madden, 1968) and that changes in concentrations of some of these ions may alter the kinetic behaviour of regulatory enzymes (Bygrave, 1967; Behrisch & Hochachka, 1969a,b; Marcus, 1970) .
Moreover, although a number ofmechanisms that would activate fructose diphosphatase or reverse inhibition by AMP or both have been proposed (Horecker, Pontremoli Rosen & Rosen, 1966; Pogell, Tanaka & Siddons, 1968; Little, Sanner & Pihl, 1969; Underwood & Newshohne, 1965) , these do not appear to reflect the energy status of the cell, around which activities ofkey enzymes and thus the net direction ofcarbon flow must revolve (Atkinson, 1966 (Atkinson, , 1968b . High concentrations of ATP, indicating a high-energy charge that would normally stimulate many biosynthetic reactions (Atkinson, 1968a,b) , bring about an inhibition of fructose diphosphatase activity (Mukkada & Bell, 1969) . Further, numerous observations of cycling of intermediates at the fructose diphosphatase-phosphofructokinase step in carbohydrate metabolism, (Gevers & Krebs, 1966; Underwood & Newsholme, 1967; Newsholine & Crabtree, 1970) suggest that negative modulation of fructose diphosphatase (and concomitant activation of phosphofructokinase by AMP) is not the sole regulatory mechanism at this level.
To examine the effects of temperature on the regulatory and catalytic properties of this key enzyme in gluconeogenesis, a study was initiated on the roles of various cations in addition to those of substrate, various intermediates and AMP in the regulation of fructose diphosphatase from skeletal muscle of the Alaskan king-crab Paralithode8 camtschatica. King-crabs were captured in crabpots in the vicinity of Kodiak Island, Alaska, U.S.A., in waters at about 6-7°C and were held at 6-7CC on board ship for approx. 12h after capture. After the animals had been killed tissues were quickly frozen at -55°C and stored at -30°C until use.
METHODS AND MATERIALS
Experimental method8. Muscle was taken from the proximal segment of the walking legs, since it was found that skeletal muscle from different regions contained different specific activities of fructose diphosphatase. Homogenate of skeletal muscle was prepared in 10mm-tris-HCl buffer, pH 7.5, in a VirTis model 23 homogenizer at top speed at 1-2CC. The homogenate was spun at 30000g for 60min at 20C and the pellet discarded. The supernatant was brought to 10% saturation with solid (NH4)2SO4 and stirred for at least 4h at 40C. The suspension was then centrifuged at 20C, the pellet discarded and the supernatant slowly brought to 40% saturation with solid (NH4)2SO4 and stirred once more for 4h at 40C. The precipitate was collected by centrifugation at 2°C and redissolved in a minimal volume of 10mM-tris-HCl buffer, pH 7.5, at 40C. The enzyme solution was then dialysed at 40C against 10mM-tris-HCl buffer, pH7.5, with three changes of buffer at 8 h intervals, before use in the assays. This procedure effectively separated fructose diphosphatase from non-specific alkaline phosphatase, which was assayed with p-nitrophenyl phosphate ( (Krebs & Woodford, 1965; Fernando, Enser, Pontremoli & Horecker, 1968) , has a low affinity for substrate (Km for fructose 1,6-diphosphate is 5 x 10-5M at 500). Affinity of the king-crab enzyme appears to be quite sensitive to temperature; thus Km for fructose 1,6-diphosphate ( (Behrisch, 1969; Behrisch & Hochachka, 1969a,b) . The relationship between temperature and Km for substrate in the king-crab enzyme yields a Km-temperature curve ( Fig. 1 ) similar to those reported for lactate dehydrogenases, pyruvate kinases (Hochachka & Somero, 1968; Somero, 1969a) , isocitrate dehydrogenase (Moon, 1970) and acetylcholinesterase (Baldwin & Hochachka, 1970 ) from various poikilotherms. In these enzymes, as well as the king-crab fructose diphosphatase, minimum Km for substrate occurs approximately at the temperature of acclimatization (see Hochachka & Somero, 1968) . As in trout and salmon fructose diphosphatases, the king-crab enzyme is partially inhibited by higher concentrations of substrate ( Fig. 1) and this inhibition appears to be independent oftemperature. This substrate inhibition is consistent with the results of Underwood & Newsholme (1965) and Taketa & Pogell (1965) Mn2+.
ule to the active site, resulting in a was not affected by any of the following metabolites ivated complex. Arrhenius plots tested: glucose 1-phosphate, fructose 6-phosphate, 9 saturation kinetics show that the dihydroxyacetone phosphate, 2-phosphoglycerate, (opt.)' i.e. at optimum concentrations pyruvate, lactate, isocitrate and NADH. Two other pears to be relatively independent metabolites that were considered logical choices as between 00C and 100C and corre-possible activators of the enzymes were ATP and of activation energy (Ea) approach phosphoenolpyruvate, since ATP is a negative Above 10°C slopes of the Arrhenius modulator of fish phosphofructokinase (J. Freed, lues of Ea increase correspondingly. personal communication) and since the substrate AMP. King-crab muscle fructose of fructose diphosphatase, fructose 1,6-diphosphate, like other muscle fructose diphos-is a positive modulator of pyruvate kinase (Hess, ined (Krebs & Woodford, 1965; 1968; Somero, 1969a; Somero & Hochachka, 1968) . Lme, 1967) , has a high affinity for its However, ATP as well as citrate appeared to cause tor, AMP (K, is 4 x 10-8M at 0C). some inhibition of fructose diphosphatase activity, other systems (Taketa & Pogell, a finding also reported with the pig kidney enzyme & Hochachka, 1969a) , inhibition of (Mendocino, Beaudreau & Bhattacharyan, 1966) enzyme by AMP is sensitive to and the bacterium Acinetobacter (Mukkada & Bell, Pig. 3) . Thus as temperature is 1969). In addition, phosphoenolpyruvate at high 0C to 80C K, for AMP rises (Table 3) ; (V(Opt.) andabove) concentrationsofsubstratecaused is further increased from 8°C to some inhibition of fructose diphosphatase activity. P falls to a value close to that at 00C. However, at low (approx. K.) concentrations of nificant that conditions of acclimat-fructose 1,6-diphosphate, phosphoenolpyruvate correspond to the temperature at effected a marked increase in the catalytic activity -crab enzyme is least sensitive to of fructose diphosphatase (Fig. 4) . It thus appears MtP.
that phosphoenolpyruvate enhances the affinity of metabolic activator. A search was king-crab muscle fructose diphosphatase for subetabolic intermediate that would strate, as shown in the substrate saturation curves ab muscle fructose diphosphatase or at various concentrations of phosphoenolpyruvate )ition by AMP or both. The enzyme and at different temperatures (Fig. 4) . The phosphoenolpyruvate-induced activation of the kingcrab enzyme is sensitive to temperature, so that 0.5mM-phosphoenolpyruvate causes about a sevenfold decrease in Km for fructose 1,6-diphosphate at 150C but a 25-fold decrease at 00C (Table 4) . Kirtley & Dix (1969) an increase in phosphoenolpyruvate concentration from 0 to 0.5mM in the medium causes a 25-fold decrease in Km for fructose 1,6-diphosphate with a corresponding increase in values of nH from 1.2 to 2.2 for the fructose 1,6-diphosphate saturation curves (Table 4) , indicating enhanced fructose 1,6-diphosphate site-site interaction.
Phosphoenolpyruvate did not cause a reversal of inhibition of fructose diphosphatase activity by AMP. However, increasing concentrations of phosphoenolpyruvate appear to protect against inhibition of the king-crab enzyme by AMP (Fig. 5) in a manner similar to Mg2+ (Behrisch & Hochachka, 1969a) . The effect of phosphoenolpyruvate on inhibition by AMP is sensitive to temperature; thus 0.1 mM-phosphoenolpyruvate effects a three-to four-fold increase in K, for AMP at 0°C whereas it appears to cause an enhancement of inhibition by AMP at 15°C (see Table 5 ). This result is comparable Concn. of fructose 1,6-diphosphate (mM) Fig. 4 with that obtained by Iwatsuki & Okazaki (1967), 'who observed that a regulatory nucleotide (dCDP) of deoxythymidine kinase from E8cherichia coli acts as a negative modulator below 210C and as a positive modulator of the enzyme above 210C. The protection provided by phosphoenolpyruvate against inhibition by AMP at the lower temperature may be related to the powerful enhancement of enzyme-substrate interaction by phosphoenolpyruvate at this temperature (see Table 4 ). Also, the nature of the enzyme-substrate or the enzymemodulator complex, or both, may change with temperature with the result that catalytic activity Combined with the finding that fructose 1,6-diphosphate can act as a feedforward activator of pyruvate kinase (Hess, 1968; Somero, 1969a; Somero & Hochachka, 1968) , the identification of phosphoenolpyruvate as a feedforward activator of a regulatory step in gluconeogenesis in the Alaskan king-crab makes it possible to suggest a coupling of the controlling mechanisms of several regulatory reactions in the gluconeogenic and glycolytic chains.
Control by bivajent cation8. King-crab muscle fructose diphosphatase, like other fructose diphosphatases examined (Gomori, 1943; Behrisch & Hochachka, 1969a) , exhibits an absolute requirement for a bivalent cation, which may be fulfilled by either Mn2+ or Mg2+ (Fig. 6) . However, Mn2+ appears to be a far more powerful activator of fructose diphosphatase activity than does Mg2+ and, as in other poikilothermic systems (Behrisch & Hochachka, 1969a,b; Behrisch, 1969) , affinity for Mn2+ is approximately tenfoldthat for Mg2+. As with the fructose diphosphatases from lungfish and salmon (Behrisch & Hochachka, 1969b; Behrisch, 1969 ) the Mn2+ saturation curve is sigmoid and affinity of the king-crab enzyme for Mn2+ is sensitive to temperature; thus an increase in temperature from 00C to 150C causes an approximately fourfold decrease in Ka for Mn2+ (Table 6 ). At higher temperatures (10-15°C) higher concentrations of Mn2+ tend to inhibit activity of the king-crab enzyme, whereas at 00C and 50C no inhibition of the. activity is observed. This finding is similar to that of Behrisch (1969) . who observed a diminished inhibition of salmon fructose diphosphatase by high concentrations of Mn2+ at low temperatures. The Mn2+ saturation curves at 00C and 50C are somewhat unusual in that, in addition to the sigmoid curve at low concentrations of the cofactor, there is a second inflexion, which occurs at about 60,uM (Fig. 6) . Similar results have been observed in the Mg2+ saturation curves of salmon fructose diphosphatase (Behrisch, 1969) and substrate saturation curves for pyruvate kinase in the Alaskan king-crab by Somero (1969a) , who sug- An increase in pH results in a rise in affinity of king-crab fructose diphosphatase for Mn2+ (Fig. 7) , a finding previously reported for the trout, lungfish and salmon enzymes (Behrisch & Hochachka, 1969a,b; Behrisch, 1969) . Thus a rise from pH 7.5 to 9.5 causes a fivefold decrease in Ka for the cationic cofactor (Table 7 ). In addition, the inhibition of activity by higher concentrations of Mn2+ becomes more pronounced at pH9.5 (Fig. 7) . It is noteworthy that a rise from pH 7.5 to 8.0 (the pH optimum for the king-crab enzyme; see Table 8) causes a slight decrease in Ka for Mn2+, but effects an approximately 1.5-fold increase in V(opt.).
In the presence of 1 mm-or lomM_Mg2+ at 00C pH appears to have little effect on activity of the king-crab enzyme (Table 8 ). In contrast, at 100C
and with 1 mM-Mg2+ in the medium there is a sharp increase in activity at pH 8.0, and at this temperature an increase in Mg2+ concentration to 10mM results in a sharp peak of activity at pH 7.5, the accepted physiological pH range. These results are similar to those of Preiss, Biggs & Greenberg (1967) and Behrisch & Hochachka (1969a) Dixon & Webb, 1964) . These three ions have been shown to stimulate activity of fructose diphosphatases from a variety of sources (Hubert, Villanueva, Gonzalez & Marcus, 1970) (Table 9 ). Thus the ability of K+ to act either as an activator at low temperature or as an inhibitor of enzyme activity at the higher physiological temperatures indicates that the cation could render fructose diphosphatase activity virtually independent of temperature.
DISCUSSION
It is generally accepted that the major means of regulation of fructose diphosphatase is by negative modulation by AMP (see Horecker et al. 1966; Atkinson, 1966) . Thus when concentrations of AMP are high, indicating a low energy charge, the enzyme is inhibited and gluconeogenesis is curtailed. This postulate is supported by studies on liver homogenates (Gevers & Krebs, 1966; Newsholme & Gevers, 1967) and kidney-cortex slices (Weidemann, Hems & insofar as modulation of activity at this point by the adenylates affects the net flow of carbohydrate metabolism.
The remarkable temperature-dependence of the fructose diphosphatase-AMP interaction complicates control at this step in a poikilotherm since a fall in temperature causes a large increase in affinity of the enzyme for AMP. Thus in a coldblooded orgm one would expect gluconeogenesis to be essentially inhibited at low temperatures. Previous studies (Underwood & Newsholme, 1965; Behrisch & Hochachka, 1969a) have shown that inhibition of fructose diphosphatase activity by AMP can be minimized and reversed by increasing concentrations of the cationic cofactor (Mn2+ or Mg2+). In addition, an increase in pH will cause an increase in K, for AMP (Behrisch & Hochachka, 1969a ) and a concomitant decrease in K. for Mn2+ or Mg2+ (see also Fig. 7) . Further, the observation that a decrease in temperature effects an increase in intracellular pH (Reeves & Wilson, 1969) in poikilotherms, and thus lowers the thermal sensitivity of the fructose diphosphatase-AMP interaction, provides a possible mechanism to permit maintenance of fructose diphosphatase activity at all temperatures (for discussion see Behrisch, 1969) . In a series of experiments at several temperatures in which pH was varied in accordance with the observations of Reeves & Wilson (1969) the interaction between rainbow-trout liver fructose diphosphatase and AMP was found to be independent of temperature (H. W. Behrisch, unpublished work) . Similar results have been obtained for citrate synthase from rainbow-trout liver, in which, under these conditions, the temperature-sensitivity Vol. 121 405 Table 9 . Effect of variou8 concentration8 of Na+, K+ and NH4+ on the activity of king-crab mu8cle fructo8e dipho8phataWe
Assays were carried out at pH7.5 in the presence of lmM-fructose 1,6-diphosphate and 0.1 mM-Mn2+. Wilson, 1969; Robin, 1962) , this temperature-pH relationship provides a formal mechanism for maintaining the overall regulation of the enzyme activity independent of changes in environmental temperature.
Another mechanism for control of fructose diphosphatase activity may involve the univalent cations Na+, K+ and NH4+. The finding that these cations can alter activity of fructose diphosphatases from a variety of mammalian and poikilothermic sources (Marcus, 1970) as well as from skeletal muscle of king-crab (Table 9 ) is of particular relevance to metabolic control in poikilotherms, because in addition to those of a number of bivalent cations the concentrations of Na+ and K+ vary during thermal acclimatization in aquatic poikilotherms (Rao, 1962; Hickman et al. 1964; Toews & Hickman, 1969; Umminger, 1969 Umminger, , 1970 . Localized changes in concentrations of these cations and compartmentation are known to occur in the cell (Bygrave, 1966 (Bygrave, , 1967 ; hence alterations in the phosphatase caused by such changes in cation coneentration may wellbe amajormethod ofinfluencing the enzyme activity.
As in other allosteric enzymes (for discussion see Atkinson, 1966) , the fructose diphosphatasesubstrate interaction probably provides another mechanism for control of activity. Similarly to some other enzymes of poikilotherms (see Hochachka, 1970) , affinity of king-crab fructose diphosphatase for substrate increases with decreasing temperature, so that at physiological concentrations of substrate the rate of the reaction would be independent of temperature. Indeed, even at V(Opt.) concentrations of fructose 1,6-diphosphate, between 0°C and 100C the reaction is virtually independent of temperature and calculated values of Ea approach zero ( Table 2 ). As seen in the fructose 1,6-diphosphate saturation curves (Fig. 1) (Fig. 1 ) similar to those seen for a number of regulatory enzymes from various cold-and warmwater poikilotherms. The rather sharp increase in Km for fructose 1,6-diphosphate at the lower end of the temperature range carries with it the implication of a diminution in fineness of control by substrate. Thus above and below the temperature at which minimum Km falls there is an increase in Km for fructose 1,6-diphosphate and a decrease in efficiency of control by substrate. In other systems in which such complex U-shaped Km-temperature curves have been observed (Somero, 1969a; Hochachka & Somero, 1968; Baldwin & Hochachka, 1970; Moon, 1970) minimum Km for substrate occurs at or near the temperature of acclimatization, and it is perhaps significant that the animals used in the present experiments were acclimatized to 5-70C.
In a comparison of the effects of temperature on enzyme-substrate interaction in pyruvate kinases from two poikilotherms (rainbow trout and an Antarctic fish) and a homoiotherm (rat), Somero & Hochachka (1968) found that in the mammalian system temperature exerts a relatively small effect on Km for substrate; thus in the rat enzyme Km for substrate is virtually constant over a wide range of temperatures. On the basis of their results, Hochachka & Somero (1968) concluded that 'evolutionary adaptation of enzymes to low temperatures may lead to decreases in Km for substrate', a kinetic characteristic that would make the rate of reaction at least partially insensitive to changes in temperature. In contrast, the selective pressures involved in maintenance of metabolism and its control at low, and changing, temperatures are not present in a homoiothermic animal and hence one would not expect such large temperature effects on enzyme-substrate affinity. In short, judging from the present kinetic data on the kingcrab fructose diphosphatase and the findings of Somero & Hochachka (1968) , it appears that the enzyme molecules in cold-adapted organisms are better catalysts at low temperatures than are enzymes from warm-adapted (or homoiothermic) organisms.
A fourth mechanism, perhaps the most striking, is the enhancement of the fructose diphosphatasefructose 1,6-diphosphate interaction by phosphoenolpyruvate. At O00 and 150C 0.5mM-phosphoenolpyruvate effects a fall in Km for fructose 1,6-diphosphate to 6 x 10-6 and 19 x 10-6Mrespectively, values well within the observed physiological concentration range of fructose 1,6-diphosphate [ (Haeckel, Hess, Lauterborn & Wuester, 1968; Hess, 1968; Somero, 1969a) , and the identification of phosphoenolpyruvate as a regulator of fructose diphosphatase activity in king-crab skeletal muscle (Hess, 1968) . The activation by fructose 1,6-diphosphate of the pyruvate kinase step further enhances the rate of glycolysis and causes an increase in the energy charge of the cell. The resultant increase in ATP concentrations will in tum tend to inhibit both rate-limiting reactions of glycolysis, phosphofructokinase and pyruvate kinase (Haeckel et al. 1968; Hess, 1968) and thus lead to a transient increase in phosphoenolpyruvate concentration and decrease in that of fructose 1,6-diphosphate. Phosphoenolpyruvate may now act as an activator of gluconeogenesis by enhancing the affinity of fructose diphosphatase for its substrate (fructose 1,6-diphosphate). Suchmodulator-inducedchanges in K. for substrate have also been observed for king-crab muscle phosphofructokinase (J. Freed, personal communication) and appear to be a regulatory mechanism common to many organisms (see Scrutton & Utter, 1969) . In this connexion reports (Newsholme & Gevers, 1967; Newsholme & Crabtree, 1970) of cycling of intermediates at the fructose diphosphatasephosphofructokinase step in skeletal muscle suggest that negative modulation of fructose diphosphatase activity by AMP is not the sole mechanism of control at this level. The apparently allosteric effect of phosphoenolpyruvate on fiuctose diphosphatase at low concentrations ofsubstrate (see Fig. 4 ) as well as the observed phosphoenolpyruvate-induced 'protection' against inhibition by AMP (Fig. 5) offer a formal mechanism for the activation of fructose diphosphatase and control of activity under conditions that favour concomitant activity of phosphofructokinase.
It has been suggested (Noble, 1969) that cooperative allosteric interactions, such as the haem-haem interactions in haemoglobin, require that the change in inter-subunit bonding energy accompanying the attachment of a ligand molecule be not uniform but depend rather on the extent to which the protein is already 'liganded'. Thus the energy of subunit bonding might be the primary co-operative parameter (Noble, 1969) . It seems reasonable to accept that the allosteric properties of enzymes confer selective advantage to the cell or organism only when they are effective under physiological concentrations of substrate, modulator and cofactor. In an enzyme from a poikilotherm the binding of ligand at low temperature may result in a considerable increase in the free energy of the conformation (relative to the proposed low bonding energy). This would lead to enhanced subunit-subunit (or site-site) interaction at low temperature, as suggested by the increased Hill constants of substrate saturation in trout fructose diphosphatase at low temperature (Behrisch & Hochachka, 1969a) and in the king-crab muscle enzyme at low temperature in the presence of an allosteric activator (see Table 4 ). It is therefore suggested that two sites at which selective pressure has been large during evolution to cold are (1) enhanced enzyme-ligand affinity at low temperatures and (2) diminiished subunit bonding energy, which permits allosteric behaviour at low temperatures.
